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0   Method  and  apparatus  for  reducing  NOx  emissions. 

0   An  apparatus  for  reducing  NOx  pollution  in  the 
flue  gas  produced  by  a  burner  includes  a  heat 
exchanger  wherein  at  least  some  of  the  heat  transfer 
elements  are  coated  with  a  catalyst.  A  plurality  of 
reactive  gas  injectors  are  arranged  to  introduce  a 
nitrogeneous  compound,  preferably  a  source  of  am- 
monia,  across  a  hot-end  face  of  the  heat  exchanger. 
A  reactive  gas  flow  distribution  system  permits  the 
distribution  of  the  nitrogeneous  compound  flowing 

through  at  least  some  of  the  gas  injectors  to  be 
varied  responsive  to  the  temperature  profile  of  the 
heat  exchanger.  Preferably,  the  apparatus  also  deter- 
mines  the  total  NOx  flow  in  the  flue  gas,  and  the 
reactive  gas  flow  distribution  system  permits  the 
total  amount  of  reactive  gas  flowing  through  at  least 
some  of  the  gas  injectors  to  be  varied  responsive  to 
the  total  NOx  flow  in  the  flue  gas. 
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BACKGROUND  OF  THE  INVENTION 

This  invention  relates  to  power  plant  pollution 
reduction  equipment,  and,  more  particularly,  to  an 
apparatus  that  reacts  NOx  in  a  flue  gas  stream  with 
a  nitrogeneous  compound  such  as  a  source  of 
ammonia  in  the  presence  of  a  catalyst  to  reduce 
the  NOx  level  of  the  flue  gas. 

In  a  fossil-fuel  power  plant,  coal,  oil,  or  natural 
gas  is  burned  in  a  combustor.  The  combustion  gas, 
also  known  as  flue  gas,  heats  water  to  form  steam, 
which  turns  a  turbine-generator  to  produce  electric 
power.  The  flue  gas  stream  is  passed  through  an 
air  preheater,  such  as  a  rotating  wheel  heat  ex- 
changer,  that  transfers  heat  from  the  flue  gas  to  an 
incoming  air  stream  that  thereafter  flows  to  the 
combustor. 

The  flue  gas  contains  solid  particulate  and  pol- 
lutant  gases  such  as  sulfur  oxides,  known  as  SOx, 
and  nitrogen  oxides,  known  as  NOx.  To  remove  the 
NOx,  a  nitrogeneous  compound  such  as  ammonia 
is  injected  into  the  flue  gas  stream.  The  ammonia 
reacts  with  the  NOx  to  form  nitrogen  and  water, 
reducing  the  NOx  content  of  the  flue  gas.  The 
reaction  of  ammonia  and  NOx  may  be  performed 
at  high  temperature  without  a  catalyst,  a  process 
termed  "selective  noncatalytic  reduction"  (SNCR), 
or  at  lower  temperature  in  the  presence  of  a  cata- 
lyst,  a  process  termed  "selective  catalytic  reduc- 
tion"  (SCR). 

Selective  noncatalytic  reduction  is  accom- 
plished  by  injecting  a  nitrogeneous  compound  such 
as  a  source  of  ammonia  into  the  hot  flue  gas,  and 
permitting  the  reduction  reaction  to  occur  in  the 
flowing  gas.  Selective  catalytic  reduction  is  accom- 
plished  by  placing  catalyst  onto  surfaces  of  a  sta- 
tionary  selective  catalytic  reduction  assembly  in  the 
form  of  a  fixed  catalyst  bed  and/or  onto  some  of 
the  heat  exchange  elements  of  the  air  preheater. 
Ammonia  is  injected  upstream  of  the  catalytic  re- 
duction  assembly  and  the  catalyst-coated  elements 
of  the  air  preheater,  as  required  to  accomplish  the 
reaction  with  NOx  in  the  presence  of  the  catalyst. 

It  is  important  to  accomplish  the  reaction  of  the 
ammonia  and  NOx  in  an  efficient  manner,  for  maxi- 
mum  possible  reaction  of  both  the  NOx  and  of  the 
ammonia.  If  the  reaction  is  incomplete,  either  NOx 
or  ammonia  (or  both)  may  pass  through  to  the 
stack  gas  and  be  emitted  to  the  atmosphere.  Both 
NOx  and  ammonia  are  classified  as  pollutants,  and 
their  emission  is  to  be  maintained  within  legal 
limits. 

It  has  been  observed  in  some  power  plants 
that,  no  matter  how  carefully  the  ammonia  addition 
is  controlled,  the  catalyzed  reaction  is  incomplete 
and  that  either  excess  NOx  or  excess  ammonia,  or 
both,  slip  through  to  the  stack  gas.  There  is  a  need 
for  an  understanding  of,  and  solution  to,  this  prob- 

lem.  Such  a  solution  would  desirably  improve  the 
utilization  of  ammonia  so  that  the  catalyzed  reac- 
tion  between  the  NOx  in  the  flue  gas  and  the 
ammonia  would  be  more  nearly  complete.  The 

5  present  invention  fulfills  this  need,  and  further  pro- 
vides  related  advantages. 

SUMMARY  OF  THE  INVENTION 

io  The  present  invention  provides  a  method  and 
apparatus  for  controlling  the  injection  of  a  nitroge- 
neous  compound  such  as  a  source  of  ammonia  to 
a  heat  exchanger  apparatus  having  catalyst-coated 
elements  that  promote  the  reaction  between  NOx  in 

75  a  flue  gas  stream  and  ammonia.  The  approach  of 
the  invention  increases  the  extent  to  which  a  com- 
plete  reaction  can  be  accomplished.  The  result  is 
reduced  levels  of  NOx  and  ammonia  reaching  the 
exhaust  stack.  The  approach  requires  only  minor 

20  apparatus  modification. 
In  accordance  with  the  invention,  a  method  for 

reducing  NOx  from  a  flue  gas  stream  produced 
from  a  burner  comprises  the  steps  of  passing  a 
flow  of  flue  gas  through  an  apparatus,  such  as  a 

25  heat  exchanger,  having  catalyst-coated  elements 
whose  temperature  varies  as  a  function  of  position 
across  the  lateral  face  of  the  heat  exchanger.  The 
method  further  includes  injecting  a  spatially  vari- 
able  flow  of  a  nitrogeneous  compound,  which  is 

30  preferably  a  source  of  ammonia,  into  the  flow  of 
flue  gas  at  a  location  prior  to  the  entry  of  the  flue 
gas  into  the  apparatus,  and  varying  the  spatial 
distribution  of  the  flow  of  the  nitrogeneous  agent 
responsive  to  the  spatial  temperature  variation  of 

35  the  catalyst-coated  elements  to  achieve  efficient 
catalytic  reduction  of  the  NOx  and  ammonia  on  the 
catalyst. 

The  invention  also  extends  to  an  apparatus  for 
accomplishing  this  approach.  In  accordance  with 

40  this  aspect  of  the  invention,  apparatus  for  reducing 
NOx  from  a  flue  gas  stream  produced  from  a 
burner  comprises  means  for  reacting  a  flow  of  flue 
gas  with  a  nitrogeneous  compound,  which  is  pref- 
erably  a  source  of  ammonia,  at  the  surface  of  a 

45  catalyst  to  react  and  reduce  NOx  in  the  flue  gas, 
the  means  for  reacting  exhibiting  a  variation  of 
temperature  therein.  The  apparatus  further  includes 
means  for  adding  a  spatially  controllably  variable 
flow  of  a  nitrogeneous  compound  such  as  a  source 

50  of  ammonia  to  the  flow  of  flue  gas  prior  to  the  entry 
of  the  flue  gas  into  the  means  for  reacting,  and 
means  for  adjusting  the  spatial  distribution  of  the 
flow  of  the  nitrogeneous  compound  responsive  to 
the  variation  of  temperature  within  the  means  for 

55  reacting. 
In  a  preferred  approach,  the  nitrogeneous  com- 

pound,  which  may  be  ammonia  or  a  compound  that 
reacts  to  produce  ammonia,  is  supplied  through 
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injector  nozzles  supported  on  manifolds  that  extend 
above  the  entry-side  face  of  the  heat  exchanger. 
The  total  ammonia  introduced  is  selected  to  be  an 
amount  sufficient  to  react  the  NOx  in  the  flue  gas, 
as  determined  from  measurements  or  predictions 
of  the  composition  of  the  flue  gas.  The  total  flow  of 
ammonia  is  distributed  among  the  manifolds,  and 
thence  the  gas  injector  nozzles,  according  to  the 
temperature  profile  of  the  apparatus. 

The  temperature  distribution  of  a  catalyst  in 
any  region  of  the  apparatus  determines  the  amount 
of  NOx  and  ammonia  reacted.  In  general,  the  high- 
er  the  temperature  within  the  operating  range  of  the 
catalyst,  the  more  NOx  and  ammonia  will  react 
together.  The  temperature  distribution  of  the  cata- 
lyst  may  be  determined  either  by  temperature 
measurements  or  by  predictions  of  temperature 
based  upon  the  boiler  load  and  performance. 

The  catalyst  performance  may  also  be  as- 
sessed  in  terms  of  the  "space  velocity"  of  the 
catalyst,  defined  as  the  volumetric  flow  (in  cubic 
feet  per  hour)  of  flue  gas  divided  by  the  volume  (in 
cubic  feet)  of  reactive  catalyst.  In  general,  the 
higher  the  volume  of  catalyst  operating  in  the  effec- 
tive  temperature  range,  the  lower  the  space  ve- 
locity  and  the  better  is  the  conversion  efficiency  in 
the  reaction  of  NOx  and  ammonia  at  the  catalyst. 

Thus,  the  higher  the  temperature  of  a  region  of 
the  catalyst  within  its  effective  range  and  the  lower 
the  space  velocity,  the  more  ammonia  could  be 
utilized.  The  temperature  is  the  highest  in  the  hot- 
end  heat  exchanger  elements  as  they  pass  from 
the  flue  gas  side  to  the  air  side  of  the  heat  ex- 
changer.  The  space  velocity  varies  when  the  cata- 
lyzed  heat  transfer  elements  travel  in  an  arcuate 
pass  with  respect  to  the  flue  gas  flow. 

In  one  example  of  interest,  the  temperature 
profile  of  the  heat  transfer  elements  of  a  rotating- 
wheel  heat  exchanger  varies  according  to  their 
position.  As  the  heat  transfer  elements  move  from 
the  air  (cold)  side  to  the  flue  gas  (hot)  side  where 
they  are  exposed  to  the  high-temperature  flue  gas, 
they  begin  to  heat  from  a  relatively  low  tempera- 
ture.  Continued  exposure  as  the  wheel  rotates 
gradually  increases  the  temperature  of  the  heat 
transfer  elements,  until  they  reach  a  maximum 
temperature  just  as  they  pass  to  the  air  side.  This 
uneven  temperature  distribution  is  unavoidable  in 
the  operation  of  the  heat  exchanger.  A  greater 
extent  of  reaction  between  NOx  and  ammonia  is 
achieved  over  the  heat  transfer  elements  coated 
with  catalyst  as  their  temperature  rises.  Thus,  the 
injection  rate  of  ammonia  should  increase  with  in- 
creasing  distance  of  exposure  to  the  hot  flue  gas 
and  thence  increasing  temperature.  Overall,  the 
result  is  more  NOx  reduced  and  less  ammonia  slip 
through  the  heat  exchanger,  as  compared  with  the 
conventional  practice  of  providing  a  spatially  uni- 

form  concentration  of  ammonia.  Where  the  ammo- 
nia  concentration  is  uniformly  distributed,  unreac- 
ted  NOx  and  ammonia  slip  through  the  cooler 
regions  of  the  heat  exchanger.  The  injection  rate 

5  should  also  increase  with  a  decreased  space  ve- 
locity  (increase  in  active  volume  of  catalyst).  The 
invention  reduces  the  extent  of  the  incomplete  re- 
action,  producing  improved  pollutant  reduction. 

The  present  invention  provides  an  important 
io  advance  in  the  art  of  power  plant  operation.  The 

injection  of  ammonia  reactant  is  tailored  to  the 
actual  operating  conditions  of  the  system,  resulting 
in  improved  utilization  and  less  opportunity  for  ei- 
ther  NOx  or  ammonia  to  reach  the  environment. 

is  Other  features  and  advantages  of  the  present  in- 
vention  will  be  apparent  from  the  following  more 
detailed  description  of  the  preferred  embodiment, 
taken  in  conjunction  with  the  accompanying  draw- 
ings,  which  illustrate,  by  way  of  example,  the  prin- 

20  ciples  of  the  invention. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Figure  1  is  a  schematic  view  of  a  portion  of  a 
25  power  plant  flue  gas  flow  system  according  to 

the  invention; 
Figure  2  is  a  schematic  view  of  a  reactive  agent 
delivery  system; 
Figure  3  is  a  schematic  view  like  that  of  Figure 

30  1,  except  where  a  fixed  catalyst  bed  is  also 
used;  and 
Figure  4  is  a  graph  showing  the  two-dimensional 
temperature  distribution  of  the  heating  elements 
in  a  heat  exchanger  wheel. 

35 
DETAILED  DESCRIPTION  OF  THE  INVENTION 

Figure  1  depicts  a  power  plant  20  utilizing  the 
present  invention.  A  fuel  such  as  oil,  gas,  or  coal  is 

40  fed  into  a  boiler  22  through  burners  24.  The  fuel  is 
mixed  with  an  incoming  preheated  air  flow  26  and 
burned,  producing  hot  combustion  gas  known  as 
flue  gas.  The  flue  gas  heats  a  water  flow  28  to  form 
steam,  which  turns  a  turbine/generator  30  to  pro- 

45  duce  electricity. 
The  hot  flue  gas  passes  along  a  hot  flue  gas 

conduit  32  to  a  hot  end  54  of  a  flue  gas  side  42  of 
a  heat  exchanger  44,  here  illustrated  as  the  pre- 
ferred  rotating  wheel-type  or  L'jungstrom  heat  ex- 

50  changer.  Ammonia  is  injected  into  the  flue  gas 
stream  through  reactive  gas  injectors  45,  located  in 
the  flue  gas  stream  just  before  it  enters  the  heat 
exchanger  44.  It  is  these  injectors  45  and  the  flow 
rate  of  ammonia  therethrough  that  is  a  principal 

55  focus  of  the  invention,  and  will  be  discussed  in 
greater  detail.  The  heat  exchanger  44  includes  a 
plurality  of  heat  exchange  elements  46,  which  are 
heated  by  the  passage  of  the  hot  flue  gas.  The 
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cooled  flue  gas,  after  transferring  its  heat  to  the 
heat  exchange  elements  46,  flows  to  additional 
pollution  control  equipment,  such  as  an  electro- 
static  precipitator  (not  shown),  and  eventually  to  a 
stack  for  release. 

The  wheel  of  the  heat  exchanger  44  continu- 
ously  rotates  about  its  axis  47,  which  may  be 
oriented  either  vertically  or  horizontally,  to  carry  the 
heat  exchange  elements  46  from  the  flue  gas  side 
42  to  an  air  side  48.  Here,  the  heat  in  the  heat 
exchange  elements  46  is  transferred  to  a  flow  of 
cool  incoming  air  50,  which  flows  to  the  boiler  22  to 
become  the  incoming  air  26  used  in  combustion. 

Preferably,  at  least  a  portion  of  the  heat  ex- 
change  elements  46,  at  their  hot  ends  54  as  mea- 
sured  along  the  axis  of  rotation,  are  coated  with  a 
catalyst.  The  catalyst  may  be  any  catalytic  material 
operable  to  aid  in  the  reaction  of  NOx  and  ammo- 
nia,  and  is  preferably  selected  from  the  group 
consisting  of  vanadia,  tungsten,  zeolite,  noble  met- 
als,  and  transition  metals.  The  NOx  in  the  flue  gas 
reacts  with  ammonia  in  the  flue  gas  in  the  pres- 
ence  of  the  catalyst. 

Figure  2  depicts  the  preferred  reactive  gas 
delivery  system  for  delivering  the  supply  of  nitroge- 
nous  reactive  gas  to  the  injectors  45  in  greater 
detail.  The  heat  exchanger  44  is  depicted  in  plan 
view,  with  injectors  45  positioned  over  the  flue  gas 
side  42.  The  injectors  45  are  supported  on  at  least 
two,  and  preferably  several,  manifolds  60.  All  of  the 
injectors  45  connected  to  a  single  manifold  60 
deliver  substantially  the  same  reactive  gas  flow 
rate.  Each  manifold  60,  however,  has  a  remotely 
controlled  valve  62  that  sets  the  total  reactive  gas 
flow  through  the  manifold,  and  thence  determines 
the  flow  through  each  of  the  injectors  45  connected 
to  the  manifold. 

The  manifolds  60  are  connected  to  a  reactive 
gas  plenum  64,  which  has  a  main  flow  regulating 
valve  66  therein.  Thus,  the  total  flow  to  all  of  the 
injectors  45  is  determined  by  the  main  valve  66, 
while  the  individual  manifold  valves  62  determine 
the  proportion  of  that  total  flow  which  reaches  the 
individual  injectors  45.  Substantially  equivalent  con- 
figurations  of  valving  can  be  substituted.  Other 
arrangements  of  manifolds  and  valves  to  permit 
spatial  variation  of  the  flow  of  the  reactive  nitroge- 
neous  gas  can  be  provided,  and  are  considered  as 
equivalents.  For  example,  each  injector  45  could  be 
supported  on  its  own  individually  valved  manifold. 
However,  this  arrangement  would  be  more  complex 
and  expensive,  and  it  has  been  determined  that  the 
arrangement  illustrated  in  Figure  2  is  sufficient.  The 
provision  of  gas  to  the  catalyst-coated  heat  transfer 
elements  46  of  the  heat  exchanger  44  involves 
complex  flow  paths  and  chemistry  in  the  distribu- 
tion  and  adsorption  of  the  ammonia  to  the  heat 
transfer  elements  46.  A  sector-oriented  approach 

such  as  shown  is  sufficient  in  many  cases  to  pro- 
vide  the  required  distributions. 

The  control  of  the  gas  distribution  is  achieved 
by  the  valves  62  and  66,  under  control  of  a  control- 

5  ler  68.  The  injected  nitrogeneous  compound,  here 
ammonia,  is  apportioned  generally  according  to  a 
number  of  factors,  with  total  NOx  loading,  tempera- 
ture  distribution  of  the  catalyst-coated  elements  of 
the  heat  exchanger  44,  and  space  velocity  being 

io  the  predominant  considerations. 
The  NOx  concentration  of  the  flue  gas  is  mea- 

sured  by  a  NOx  sensor  70  placed  upstream  of  the 
heat  exchanger  44.  (The  general  locations  of  the 
sensors  are  shown  in  Figure  1  ,  and  their  functional 

is  relation  to  the  controller  68  is  shown  in  Figure  2.) 
The  total  flue  gas  flow  within  the  conduit  41  is 
measured  by  a  flow  rate  sensor  72.  The  total  mass 
flow  NOx  loading  is  the  product  of  the  NOx  con- 
centration  and  the  total  flue  gas  flow.  The  main  flow 

20  regulating  valve  66  is  opened  to  permit  an  ammo- 
nia  mass  flow  sufficient  to  react  this  total  NOx  flow 
to  produce  nitrogen  and  water.  An  indicator  of 
changes  in  the  total  mass  flow  NOx  loading  is  the 
boiler  load,  here  measured  as  the  amount  of  fuel 

25  being  burned  in  the  boiler  22.  The  amount  of  fuel 
being  burned  is  measured  by  a  fuel  flow  sensor  74. 
This  information  is  used  to  make  changes  in  the 
flow  of  the  valve  66  in  anticipation  of  changes  in 
the  NOx  loading. 

30  A  variation  of  the  previously  described  power 
plant  20  is  shown  in  Figure  3.  The  present  inven- 
tion  is  operable  with  this  variation  as  well  as  that 
shown  in  Figure  1.  The  power  plant  of  Figure  3  is 
comparable  with  that  of  Figure  1  in  most  respects, 

35  and  corresponding  elements  have  been  assigned 
the  same  numbers.  The  power  plant  of  Figure  3 
differs  from  that  of  Figure  1  in  that  two  additional 
NOx  reduction  techniques  are  implemented.  The 
present  invention  is  operable  in  conjunction  with 

40  these  modifications  applied  either  singly  or  togeth- 
er. 

In  one  modification,  a  nitrogeneous  agent  pro- 
viding  a  source  of  ammonia  may  be  injected  into 
the  hot  flue  gas  through  injectors  34,  either  before 

45  it  enters  the  conduit  32  or  as  it  flows  through  the 
conduit  32.  The  ammonia  reacts  with  the  NOx  in 
the  flue  gas  by  selective  noncatalytic  reduction 
(SNCR)  to  reduce  the  NOx  level  of  the  flue  gas.  In 
the  other  modification,  the  flue  gas  flowing  in  the 

50  conduit  32  passes  through  a  stationary  selective 
catalytic  reduction  (SCR)  assembly  36,  preferably 
in  the  form  of  a  fixed  catalyst  bed,  prior  to  entering 
the  heat  exchanger  44.  The  reduction  assembly 
includes  a  plurality  of  surfaces  38  having  coated 

55  thereon  a  catalyst  generally  of  the  same  type  as 
discussed  previously.  A  nitrogeneous  agent  that  is 
a  source  of  ammonia  is  injected  into  the  flue  gas 
upstream  of  the  reduction  assembly  36  through 

4 
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injectors  40,  as  needed.  The  NOx  in  the  flue  gas 
reacts  with  the  ammonia  in  the  flue  gas  in  the 
presence  of  the  catalyst  to  reduce  the  NOx,  in  a 
selective  catalytic  reduction  reaction.  After  leaving 
the  reduction  assembly  36,  the  flue  gas  flows 
through  a  short  conduit  41  and  enters  the  heat 
exchanger  44  containing  the  catalyst-coated  ele- 
ments. 

Regardless  of  the  configuration  of  the  power 
plant,  the  temperature  profile  of  the  heat  exchange 
elements  46  may  be  measured  with  temperature 
measuring  devices.  In  the  preferred  embodiment  of 
Figure  2,  a  set  of  thermocouples  76  mounted  to  the 
heat  exchange  elements  46  measure  the  spatial 
temperature  distribution.  Other  types  of  tempera- 
ture  measuring  devices  such  as  pyrometers  may 
also  be  used.  Equivalently,  the  temperature  dis- 
tribution  can  be  predictively  calculated  based  on 
the  gas  temperature  distribution  measurements.  In 
this  approach,  the  settings  are  predicted  from  the 
heat  transfer  calculations  and  kinetic  data  for  the 
catalyzed  reaction  of  ammonia  and  NOx  in  the  heat 
exchanger  operating  environment. 

From  the  temperature  distribution,  determined 
by  measurements  or  calculations  or  a  combination 
of  these  approaches,  the  preferred  flow  distribution 
through  the  injectors  45  is  selected  by  adjusting 
the  valves  62.  Generally,  the  higher  the  tempera- 
ture  in  a  region,  the  higher  the  ammonia  injection 
rate  for  that  region. 

Figure  4  depicts  a  typical  two-dimensional  tem- 
perature  distribution  on  the  flue  gas  side  of  the 
rotating  wheel  heat  exchanger  44,  at  a  fixed  radial 
distance  from  the  axis  of  rotation.  The  temperature 
within  the  heat  exchanger  44  varies  in  two  ways. 
First,  the  temperature  increases  with  increasing  an- 
gular  position  as  measured  from  the  entry  of  a 
particular  element  into  the  flue  gas  side.  Second, 
the  temperature  decreases  with  increasing  distance 
from  the  hot  end,  where  the  flue  gas  first  enters  the 
heat  exchanger  44.  Only  those  heat  exchange  ele- 
ments  near  the  hot  end  of  the  heat  exchanger 
wheel  44  need  be  coated  with  catalyst,  because 
those  further  from  the  hot  end  never  reach  a  suffi- 
ciently  high  temperature  to  permit  catalytic  reac- 
tion. 

The  first  or  angular  temperature  variation  within 
the  heat  exchanger  44  is  of  the  most  direct  interest 
in  relation  to  the  present  invention,  inasmuch  as  the 
injection  arrangement  of  Figure  2  introduces  a  flow 
of  ammonia  that  varies  according  to  the  angular 
position.  According  to  this  temperature  distribution, 
the  greatest  flow  rate  of  ammonia  should  be  in- 
jected  near  the  180  degrees  angular  position  where 
the  larger  volume  of  the  catalyst  is  in  the  effective 
temperature  range,  and  the  least  amount  near  the  0 
degrees  angular  position.  The  amount  injected  near 
0  degrees  angular  position  is  not  itself  zero,  as  the 

heat  exchanger  elements  quickly  reach  an  elevated 
temperature  within  the  reactive  range  of  the  cata- 
lyst  and  therefore  require  a  sufficient  ammonia 
concentration  for  reaction  to  the  extent  possible  at 

5  that  temperature. 
As  indicated,  the  temperature  distribution 

shown  in  Figure  4  is  at  a  selected  radial  distance 
from  the  axis  of  rotation  of  the  wheel  of  the  heat 
exchanger  44.  Comparable,  but  somewhat  different, 

io  temperature  distributions  occur  at  other  radial  posi- 
tions. 

Once  the  initial  total  ammonia  mass  flow  rate 
and  the  initial  distributions  determined  according  to 
this  approach  have  been  implemented,  the  values 

is  of  total  flow  and  flow  distribution  may  be  further 
varied  in  a  feedback  control  manner.  NOx  and 
ammonia  sensors  are  placed  downstream  of  the 
heat  exchanger  44  in  the  stack  gas.  The  measured 
values  are  observed  for  various  combinations  of 

20  total  ammonia  mass  flow  rate  and  injected  ammo- 
nia  distribution,  and  the  control  settings  of  the 
valves  62  and  66  are  varied  to  seek  lower  values  of 
stack  NOx  and  ammonia  within  legal  limits  of  these 
pollutants. 

25  This  control  approach  amounts  to  a  perturba- 
tion  technique  of  the  type  well  known  in  the  art, 
and  is  preferably  conducted  automatically  by  the 
controller  68  in  a  regular  search  routine.  For  each 
operating  condition  of  the  power  plant  boiler,  fuel 

30  type,  etc.,  a  set  of  ammonia  total  flow  and  distribu- 
tion  settings  is  developed  and  stored  in  the  mem- 
ory  of  the  controller.  Thereafter,  when  the  power 
plant  operating  conditions  are  changed,  the  control- 
ler  selected  the  settings  for  the  valves  62  and  66 

35  that  are  the  same  as,  or  most  closely  approximate, 
the  new  operating  conditions,  set  the  valves  to 
those  values,  and  commences  a  perturbation  rou- 
tine  to  search  for  even  better  combinations  of  the 
valve  settings  for  those  particular  operating  con- 

40  ditions. 
Equivalently,  a  predictive  modeling  approach 

may  be  used  to  predict  settings  for  the  valves  62 
and  66  from  operating  parameters  and  measure- 
ments  of  the  system.  The  predictive  and  measure- 

45  ment  techniques  may  be  combined  in  fine  tuning 
the  control  of  the  injection  valves. 

Although  a  particular  embodiment  of  the  inven- 
tion  has  been  described  in  detail  for  purposes  of 
illustration,  various  modifications  may  be  made 

50  without  departing  from  the  spirit  and  scope  of  the 
invention.  Accordingly,  the  invention  is  not  to  be 
limited  except  as  by  the  appended  claims. 

Claims 
55 

1.  A  method  of  reducing  NOx  from  a  flue  gas 
stream  produced  from  a  burner,  which  flue  gas 
stream  passes  from  the  burner  through  a  ro- 

5 
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tary  regenerative  heat  exchanger  which  rotates 
in  a  direction  generally  transverse  to  the  direc- 
tion  of  the  flow  of  the  flue  gas  stream  and 
wherein  at  least  a  portion  of  the  heat  transfer 
elements  of  the  heat  exchanger  carry  a  cata-  5 
lyst  which,  in  the  presence  of  a  nitrogeneous 
compound,  promote  the  reduction  of  NOx  from 
the  flue  gas  stream  passing  thereby,  compris- 
ing  the  steps  of: 

injecting  a  quantity  of  a  nitrogeneous  com-  10 
pound  onto  the  catalyzed  heat  transfer  ele- 
ments,  such  injecting  being  at  a  plurality  of 
fixed  locations  along  the  arcuate  path  of  travel 
of  the  catalyzed  elements  with  respect  to  the 
flue  gas  stream;  is 

determining  the  temperature  of  the  portion 
of  the  heat  transfer  elements  as  such  elements 
travel  in  an  arcuate  path  with  respect  to  the 
flow  of  the  flue  gas  stream;  and 

in  response  to  said  step  of  determining,  20 
selectively  varying  the  quantity  of  nitrogeneous 
compound  injected  at  each  of  such  fixed  loca- 
tions. 

apportioning  the  spatial  variation  of  the 
flow  of  the  nitrogeneous  compound  responsive 
to  the  temperature  variation  of  the  heat  transfer 
elements. 

5.  The  method  of  claim  3,  wherein  the  heat  ex- 
changer  is  a  rotating-wheel  heat  exchanger. 

6.  Apparatus  for  reducing  NOx  from  a  flue  gas 
stream  produced  from  a  burner,  comprising: 

means  for  reacting  a  flow  of  flue  gas  with  a 
nitrogeneous  compound  in  the  presence  of  a 
catalyst  to  react  and  reduce  NOx  in  the  flue 
gas,  the  means  for  reacting  exhibiting  a  vari- 
ation  of  temperature  therein; 

means  for  adding  a  spatially  controllably 
variable  flow  of  a  nitrogeneous  compound  to 
the  flow  of  flue  gas  prior  to  the  entry  of  the  flue 
gas  into  the  means  for  reacting;  and 

means  for  adjusting  the  spatial  distribution 
of  the  flow  of  the  nitrogeneous  compound  re- 
sponsive  to  the  variation  of  temperature  within 
the  means  for  reacting. 

2.  The  method  of  claim  1,  wherein  the  step  of 
varying  includes  the  steps  of 

adjusting  the  total  flow  of  the  nitrogeneous 
compound  responsive  to  the  total  amount  of 
the  pollutant  in  the  flue  gas,  and 

apportioning  the  spatial  variation  of  the 
flow  of  the  nitrogeneous  compound  responsive 
to  the  temperature  variation  of  the  heat  transfer 
elements. 

3.  A  method  for  reducing  NOx  from  a  flue  gas 
stream  produced  from  a  burner,  comprising 
the  steps  of: 

passing  a  flow  of  flue  gas  through  a  heat 
exchanger  having  catalyst-coated  heat  transfer 
elements  whose  temperature  varies  as  a  func- 
tion  of  position  across  the  lateral  face  of  the 
heat  exchanger; 

injecting  a  spatially  variable  flow  of  a 
nitrogeneous  compound  into  the  flow  of  flue 
gas  at  a  location  prior  to  the  entry  of  the  flue 
gas  into  the  heat  exchanger;  and 

varying  the  spatial  distribution  of  the  flow 
of  the  nitrogeneous  agent  responsive  to  the 
spatial  temperature  variation  of  the  heat  trans- 
fer  elements  to  achieve  efficient  catalytic  re- 
duction  of  the  NOx  in  the  flue  gas  on  the 
catalyst. 

4.  The  method  of  claim  3,  wherein  the  step  of 
varying  includes  the  steps  of 

adjusting  the  total  flow  of  the  nitrogeneous 
compound  responsive  to  the  total  amount  of 
the  pollutant  in  the  flue  gas,  and 

25  7.  The  apparatus  of  claim  6,  wherein  the  means 
for  reacting  includes  a  heat  exchanger  having 
heat  exchange  elements  therein  and  a  catalyst 
coated  onto  at  least  some  of  the  heat  ex- 
change  elements. 

30 
8.  The  apparatus  of  claim  7,  wherein  the  heat 

exchanger  is  a  rotating-wheel  heat  exchanger. 

9.  The  apparatus  of  claim  6,  wherein  the  means 
35  for  adding  includes  a  plurality  of  gas  injectors 

disposed  adjacent  to  a  portion  of  the  means 
for  reacting  through  which  the  flue  gas  first 
passes. 

40  10.  The  apparatus  of  claim  9,  wherein  the  means 
for  adding  includes  at  least  two  gas  manifolds, 
and  the  gas  injectors  are  supplied  by  the  gas 
manifolds. 

45  11.  The  apparatus  of  claim  10,  further  including 
a  gas  flow  distribution  system  that  adjusts 

the  total  flow  of  the  nitrogeneous  compound  to 
the  manifold  pipes  responsive  to  the  total  NOx 
level. 

50 
12.  The  apparatus  of  claim  10,  further  including 

a  gas  flow  distribution  system  that  adjusts 
the  flow  of  the  nitrogeneous  compound  in  each 
gas  manifold  responsive  to  the  temperature 

55  distribution  within  the  means  for  reacting. 

13.  The  apparatus  of  claim  6,  further  including 
means  for  determining  the  total  NOx  level 

6 
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in  the  flue  gas. 

14.  The  apparatus  of  claim  13,  wherein  the  means 
for  determining  includes  means  for  measuring 
the  pollutant  level  of  the  flue  gas  before  it  has  5 
entered  the  means  for  reacting. 

15.  The  apparatus  of  claim  13,  wherein  the  means 
for  determining  includes  means  for  measuring 
the  operating  conditions  of  a  burner  that  pro-  10 
duces  the  flue  gas. 

16.  The  apparatus  of  claim  6,  further  including 
means  for  determining  the  temperature 

distribution  within  the  means  for  reacting.  is 

17.  The  apparatus  of  claim  16,  wherein  the  means 
for  determining  includes  a  plurality  of  tempera- 
ture  measuring  devices  that  measure  the  tem- 
perature  distribution  within  the  means  for  reac-  20 
ting. 

18.  The  apparatus  of  claim  17,  wherein  at  least 
some  of  the  temperature  measuring  devices 
are  thermocouples.  25 

19.  The  apparatus  of  claim  13,  wherein  the  means 
for  adjusting  includes 

means  for  controlling  the  total  flow  of  the 
nitrogeneous  compound  flowing  to  the  means  30 
for  adding  responsive  to  the  total  NOx  level  of 
the  flue  gas,  and 

means  for  controlling  the  spatial  distribu- 
tion  of  the  flow  of  nitrogeneous  agent  respon- 
sive  to  the  temperature  variation  of  the  means  35 
for  reacting. 

40 
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